In this manuscript it is proposed and demonstrated that how an ANFIS (Adaptive Neuro Fuzzy Inference System) can be used in the control of a Voltage Source Inverter (VSI) connected to the grid. Volatile changes in the gird parameters rising by its variable demands and other related issues may humiliate the efficiency with which power can be injected into the grid. The system becomes a higher order one with the filters used at the terminal of the Voltage Source Inverter (VSI) along with the parameters of the grid which change from time to time. Single time tuned mathematical controllers like the PID variants are not suitable for such applications. Considering the increased order of the system and the associated non-linearity we have to look out for intelligent controllers. An ANFIS based control is found to be promising; the development and implementation of one such are demonstrated in this paper using the MATLAB SIMULINK platform and through experimental verification using the Reduced Instruction Set Computer (RISC) Microcontroller Advanced RISC Machine (ARM) processor as the central controller for the VSI.
There are two controls or three degrees of freedom associated with the three leg three phase voltage source inverter. These three are the modulation index, the phase angle phi and the frequency. These three factors are embedded, according to the power transaction and power quality requirement, in a signal called the reference signal which will be used in the PWM section. The output of the inverter, driven by the PWM pulses, exhibits the requirements as embedded in the reference signal and thus the actual requirement is fulfilled. Figure 1 shown gives the block schematic of the arrangement usually used to connect a three phase voltage source inverter to the grid.
The Control Techniques of the VSI
The three leg Voltage Source Inverter used in this application is of the Graetz bridge type. The three leg inverter is usually driven by any one of the popular PWM techniques like Sinusoidal PWM, the Space Vector PWM or the SHE PWM. While the carrier based SPWM and the mathematically derived SVPWM are high switching frequency cases and exhibit higher switching losses, the SHE PWM technique leads to elimination of selected harmonics while offering much reduced switching losses. Whatever is the PWM technique used the more important is the generation of the reference signal. The three phase reference signal necessary for the generation of the PWM pulses is generated using a number of techniques based on the constraints of power transaction required. There are two degrees of freedom. We can observe and control the Modulation Index or the Theta. Based on the real and reactive power requirements at the minimal THD levels with uniform voltage profile we have to make decisions regarding the MI and the Theta.
There are two controllers one for the generation of the MI and the other for the generation of the Theta. Any control scheme like the PID, FLC, H∞, or any Artificial Neural Network based controllers can do the job. While each of these methodologies can offer an acceptable control scenario some are better than the other in terms of the performance parameters.
The basic control scheme for the VSI in the context of injection of real and reactive power into the grid is shown in Figure 2. 
Reactive Power Transaction
Consider two nodes A and B, linked by a reactor, between which we need reactive power transaction. As for reactive power transaction between the two nodes A and B connected by the reactor X it is required that the voltage at node A be higher in amplitude than that at node B such that reactive power can flow from node A to B This happens according to the Equation (1).
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where V 1 and V 2 are the two nodal voltages and X being the reactance between them then if the two nodal voltages are in phase, then Cosδ becomes equal to Cos0 = 1 and for the given potential difference between V 1 and V 2 the reactive power transact with the help of two controllers.
Real Power Transaction
The DC side of the VSI carries a fixed capacitor and this capacitor across the DC source and it to be held at a 
Real power transaction between two nodes at voltages V 1 and V 2 and linked by a reactor X is maximized when the phase angle V 1 and V 2 is 90 degrees. With 90 degrees phase difference between V 1 and V 2 , the factor Sinδ in Equation (2) becomes Sin90 = 1.
In this research the following methodology is sued.
Step 1. A set of FLCs are first developed.
Step 2. The FLC is first run and the real time data sets like error, error rate and the corresponding output for each of the controllers are collected in the MATLAB work space.
Step 3. Based on the collected data an ANFIS is trained and developed.
Step 4. The ANFIS is then used in the place of the previously used FLC and the model is run again to collect the data as done earlier in step 2.
Step 5. This data is further used to train a Back Propagation Feed Forward ANN unit.
Step 6. The newly formed ANN unit now replaces the ANFIS and the model is run again.
Step 7. Once satisfied with the performance of the latest ANN model which is a trained one the same is translated into a KEIL C program to be down loaded in the ARM 7 processor LPC 2148 and used in real time applications.
An Outline of Intelligent Controllers

Fuzzy Logic Control
Fuzzy logic control scheme is a technique to handle uncertain data in the process of arriving at an agreeable result. In any process control we are usually interested in the error and rate at which this error moves along with its direction so that an appropriate control action is carried out.
The error and the error rate are spread over a scale with a maximum and a minimum values. This scale is divided into a number of segments each segment occupying a certain range overlapping to a certain extent with the range of the adjacent segment. Over each such segment is the membership function. The membership function dictates the degree of membership of the error or error rate in that segment and we call this the Degree of Belief (DOB). The DOBs of error and error rate in real time are taken to a rule matrix and the appropriate rule is selected. This rule will decide what to do corresponding Fuzzy logic, unlike the other systems of control does not make use of the numerical data instead it uses the linguistic variables. The MATLAB/SIMULINK tool was used in this research to develop the FLC and the ANFIS. The Figure 3 shows the block diagram of the control scheme as used in this research. The synchronously rotating frame was considered and the DQ quantities of the voltage at the point of common coupling the current injected into the grid to the currently prevailing situation.
Hybrid Soft Control Techniques
Hybrid software control schemes are used nowadays for getting the advantages of two or more soft computing schemes as applied to a common control system. FLC with ANN is a commonly used combination. In this paper the ANFIS model of control is demonstrated. Further an ANN is trained to mimic the ANFIS control model and this reverse operation is carried out just to implement the ANFIS function trained on an ANN to be easily implemented on an ARM processor typically LPC 2148. 
Artificial Neural Network
Artificial Neural Networks are networks of neurons arranged in layers. A minimum of three layers are required in the making of the back propagation feed forward ANN. The number neurons in the input layer and that in the output layer are determined by the number of elements in the input and output vectors of the system under consideration. In the making of a control system to mimic an ANFIS after the ANFIS has been developed in MATLAB/SIMULINK we have the error and the error rate inputs to the ANN. The first ANN unit considering the error and error inputs gives out the modulation index and the second ANN gives the Theta.
Thus we get the MI and the Theta from two ANN units. A general structure of the control scheme is as depicted in Figure 2. 
Experimental Verification
The real time implementation of the proposed system and its validation was carried out using a scaled down model. A solar panel with 80 W rating was used for the purpose. The output of the panel which is of around 17 V at maximum power output was first boosted to the required 400 V level using a boost DC to DC converter. The output of the boost converter was then applied to the three phase bridge inverter unit. The voltage source inverter was then connected to the three phase AC mains through the LCL filter unit.
The voltage and current measurements were carried out using potential and current transformers and after fed to the ARM 7 processor. The related control activities were carried out inside the ARM processor and the decisions were made using the built in ANN unit. This trained ANN unit is the coded version of the one we have developed in the MATLAB/SIMULINK environment. The modulation index and the phase angle were the two outputs of the ANN and using these two quantities the PWM was carried out. The PWM signals were then coupled to the MOSFETS used in the VSI (Figure 4(a) ) using opto-couplers.
The Power injection into the grid had to be done based on the availability of the power source at the solar panel and at same time the load, in this case the grid, also exhibits changes in its impedance. The variations in solar insolation and the associated solar power generation and the variations in the grid impedance were the two challenges. The selection of the optimal MI and Theta to be used in the generation of the reference signal for the three phase VSI is the essence of this research. And this has been carried out using the ANN that got trained using the training data obtained after the ANFIS unit. Implementation of a trained unit in the ARM processor (Figure 4(b) ) can be done by appropriately writing a function to represent the sigmoidal function of the neurons and then the synaptic weights in the form of multipliers.
Frequent changes in the power output of the solar power unit or the changes in the grid impedances cause disturbances to the power transaction as well as the power quality.
However when it can be observed from the waveforms and the THD of the terminal voltage after the filter at the grid terminals that the voltage waveforms are of better quality with the THD within the limit of 5%.
As mentioned earlier, Real Time Operating System based micro controller that can undertake multiple tasks is employed in this attempt. The three tasks to be carried out independently are 1. To monitor the output voltage continuously. 2. To send the switching pulses with appropriate theta for the DC-DC boost converter. 3. To send the switching pulses with appropriate MI for the VSI. Each of the developed ICBT inverters was tested by driving the input from a DC power source and supplying a star-connected resistive load on the AC side. The reference signal, the PWM waveform generated of the phase to load neutral and the filter output are shown on Figure 4(c) for Modulation Index versus phase angle. It is clear that the magnitude of the reference signal has no effect on the inverter output. The output voltage magnitude is greatly affected by the modulation index. Also, the phase shift does not affect the magnitude of the inverter output voltage.
Results and Discussions
The Injection of power from the VSI onto the grid has been carried out using the ANFIS based controller. The power transactions, the FFT of the terminal voltages and the injected current are compared in this chapter. In this part output voltage and current waveforms of inverter have been shown. For nonlinear load a full wave rectifier with capacitive filter of 30 μF and a resistance of 50 Ω have been used. All the results were performed in isolated mode. Then THD of output voltage was calculated by FFT analysis and the obtained results are compared.
Fuzzy Logic Control
Here for linear load a resistance of 17.16 ohm is connected across inverter output. As the input dc supply is of 400 volt, an AC voltage of peak value 400 volt is obtained across output. The corresponding load limit is 23.31 ampere is opted as load current. Though output waveforms are approaching sinusoidal, yet output voltage contains some higher order harmonics. Corresponding harmonic spectrum of output voltage is shown in Figure 5 (c) and it found that the THD of V o is 2.81%.
For a non-linear load a rectifier load is considered. As the rectifier uses switching devices, hence generates harmonics and then injects to source. Hence output voltage as well as output current is containing harmonics. As a result they are not sinusoidal which is expected to be so. When output voltage was analyzed through FFT the THD was found to be 15.08% given in Figure 5 (f).
With ANFIS Controller
As ANFIS controller is based on principle ANN, it output performs the PI controller. In Figure 5 When this controller along with ANFIS is implemented in case of nonlinear load it shows better performance than Fuzzy Logic Controller. FFT analysis of output voltage gives THD of 4.53% given in Figure 5(l) . From Table 1 shows ANFIS controller gives less %THD.
Based on the deduced transfer functions the step responses of the voltage and current controller of the three phase grid connected inverter are plotted in the MATLAB/Simulink environment.
In the Figure 6 (a) step response of the dc-link voltage controller is shown. As the dc-link voltage controller is a slower one its rise time is set at 0.059 second. Its settling time is 2.675 second and having a peak overshoot of it's rise time is set to lesser than that of outer dc-link voltage controller. A control strategy is based on the goal of minimizing absolute error between the desired and the actual d-axis and q-axis currents through an adaptive tuning process. It is crucial to identify that fast current loop controller is necessary to assure highest power quality.
Conclusion
An ANFIS based control scheme for the management of the VSI connected to the grid was studied in detail. The results of the previous control schemes like H∞ controller, PI controller and fuzzy logic controllers were compared against the ANFIS model. The ANFIS model and its implementation through a trained ANN implemented in the ARM processor proved to be a better choice in this application. A control strategy was developed based on the model and its step responses were plotted. From the obtained results it is concluded that ANFIS controller gives less THD% in output voltage in case of both linear and non-linear load as compared to H∞ controller, PI controller and fuzzy logic controllers.
